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SUMMARY

The paper investigates the possibility of identifying localised damages for multi-span and multi-floor linear elastic
frames using only natural frequencies measured in the undamaged and damaged configurations. Namely, frames of
increasing complexity are studied by exploring one by one their significant substructures (i.e. multi-span beams,
floor by floor); the error function is defined and minimised on a database of finite element damaged models that
only includes the natural frequencies of the local modes of the substructure, that is, the only modes significantly
affected by the localised damage considered here. The performances and limits of the procedure are here discussed
by means of numerical simulations on steel frames of increasing complexity; a particular attention is also devoted
to the role of noise on the identification procedure. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

As it is well known, the dynamic parameters of a structure are strictly dependent on its mechanical and
geometrical characteristics; many studies have therefore been devoted to the inverse dynamical prob-
lem, that is, the evaluation of the dynamical parameters — as modal parameters in the case of linear be-
haviour — and then of the structural characteristics on the base of the recorded vibrations of the
structure. Indeed, the main advantage of this procedure is that low intensity — and therefore not destruc-
tive — dynamical tests can give satisfactory results, and in the case of dynamical identification proce-
dure with unknown input, they can be performed also during ordinary service conditions [1-18].

Another advantage of the dynamical identification is the possibility to obtain a reliable finite ele-
ment (FE) model by updating a less refined one, until a satisfactory matching is obtained between
its numerical results with the real experimental response [19-24]. In the field of dynamical identifica-
tion procedures, many studies deal with the problems connected to damage detection [25-44]. The pro-
posed techniques are based on the obvious observation that the damage is responsible of a stiffness
reduction of the structure (in some cases also variations of the masses and damping are expected); as
a consequence, the damage, even if localised in one or few sections, may produce variations of struc-
tural dynamical parameters (modal shapes, frequency values, etc.) that, in turn, can allow to identify
damage position and severity, as it is shown in the aforementioned studies. Nevertheless, the research
is still in progress to define identification techniques that, depending on the kind of considered structure
and damage, guarantee a good accuracy with a reasonable experimental effort, and also recently, many
new methods have been proposed which use different approaches.
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One of the most recent approaches makes use of the wavelet analysis [25-28] for the identification
of structural damage. Namely, in [25], Basu demonstrates that, in case of stiffness degradation of a
mass—spring system, the wavelet coefficients allow to infer if the system is damaged or not, even in
the absence of any information about the undamaged structure.

In [28], the reliability of a real-time identification technique based on the wavelet analysis for the
identification of stiffness variations is discussed. The use of the wavelet technique to identify structural
damage is further investigated in [27], where the availability of output-only records is explored by
means of numerical simulations and experimental tests on a three-storey structure; it is shown that
the wavelet technique allows a very effective detection of frequency changes because of damage, so
allowing to infer the damage occurrence even without any information on the external excitation.

Some Authors have also focused their attention on the experimental validation of the use of wavelet
analysis for the damage detection. In [26], in the case of shaking table tests simulating earthquakes
loads on concentrically-braced steel frames, it was shown that a wavelet analysis allows to detect the
yielding (for tensile stresses) and the buckling (for compressive stresses) of brace members, once
few records of the acceleration time histories (input and output) are available.

Other approaches are based on the definition of a damaged finite element model, obtained by mod-
ifying the undamaged one (model updating) in order to match the experimental response of the dam-
aged structure. In this field, some Authors have performed wide experimental campaigns for the
validation of such damage detection techniques, as in [29], where a full-scale seven-storey reinforced
concrete shear wall building has been subjected to shaking table tests.

This approach has been also adopted for detecting damage in structures in which the locations of
plastic phenomena can be predicted (a high-ductile steel-concrete composite frame in [30] and a
steel-concrete moment-resisting frame in [31]). However, the required experimental setup is burden-
some as the sensors have to be installed in order not only to measure the global response of the struc-
ture but also the local response of the possible portions in which the damage is expected.

Other numerous methods have also been proposed and experimentally validated as the damage in-
dex method and the damage location vectors method [32], or the method that analyses the changes of
the stiffness and damping matrices [33] for multi-floor frames, or the modal curvature in case of a ma-
sonry arch [34]; however, all such procedures require the evaluation of modal shapes, which implies a
high experimental effort.

To reduce such an effort, several Authors (e.g. [35]) have investigated the possibility of identifying
the damage taking into account incomplete measured mode shapes and frequencies or have proposed
the use of experimentally measured frequency response functions as in [36].

Indeed, for practical application of the numerous and different approaches available, a crucial role is
played by the experimental setup, which should be as simple and reliable as possible.

In order to simplify the experimental setup, a possible solution is given by procedures for structural
damage identification that requires only the knowledge of the natural frequencies that can be cheaply
and accurately estimated; a review of such frequency-based methods is presented in [37].

In [38], the effectiveness of two damage detection methods (one based on the flexibility variations
and the other one on the natural frequencies variations), analysing two complex steel frames subjected
to shaking table tests, is investigated. The authors demonstrate that the use of natural frequencies shifts
can allow to detect the damage only if multiple modes are taken into account.

More recently, in [39,40], the position and severity of a localised damage is identified by using a
data base of FE models simulating any possible position and level of damage in a given range for a
one-span-one-floor frame or an arch.

In [41,42], the writers have shown the effectiveness of the previous method for analysing the dam-
age in a two-span beam by means of experimental tests (details in [42]).

However, as the complexity of the structure increases, the difficulties in the damage identification
correspondingly increase, and the definition of an effective method is still on debate. In fact, the local
variation of stiffness, as for damage examined in this paper, does not produce significant variations of
the natural frequencies related to global modes in large-scale structures, and consequently, these
methods cannot guarantee correct damage detection.

The present paper deals with these problems and investigates the possibility of identifying localised
damages for multi-span and multi-floor linear elastic frames using only natural frequencies measured in
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the undamaged and damaged configurations. Indeed, in case of low excitations, as those considered
here, the procedure takes into account the ‘local’ modes that are more sensitive to localised damage.

The identification can in fact be effective only if the recorded data allow to extract dynamical
parameters significantly affected by damage, and in the case of very simple structures (e.g. a one-
span-one-floor frame or an arch), the identification of the first natural modes (or even of the modal
frequencies only, as shown in [39,40]) can be appropriate for damage identification.

On the other hand, in complex structures (e.g. multi-span and multi-floor frames), damage generally
affects significantly only higher modes; in these cases, the ambient actions that excite first modes only
are not adequate as forcing loads [41-43], and the dynamical tests have to be performed by applying
external forces, that is, impulsive forces at the same floor of the damaged beam.

The higher modes taken into account in the method discussed here are selected by applying a sub-
structure approach that explores one by one significant substructures [41,42], namely multi-span beams
of a given frame, floor by floor. In this way, the error function is defined and minimised on a database
of damaged FE models that includes only the natural frequencies of ‘local modes’, that is, modes that
mainly imply deformations of a given substructure, which are the only modes significantly affected by
the localised damage considered here.

The basic aspect of the procedure is described in Section 2. Section 3 describes the numerical inves-
tigations on a 2 x 2 steel frame (two floors and two spans, Section 3.2) and on a 3 x 3 steel frame (three
floors and three spans, Section 3.3), including two alternative ways of dealing with the random noise,
showing the practical applicability of the proposed procedure.

As the complexity of the structure increases, the selection of the modes that have to be taken into
account may request a more systematic approach as, for example, the evaluation of a sensitivity matrix
as proposed in [44].

2. DAMAGE DETECTION
2.1. Minimisation procedure for the damage detection in complex structures

According to [27], damage identification can be performed at different levels: level 1 techniques only
allow to detect the occurrence of a damage, while level 2 and level 3 techniques also allow to identify
the position of the damage and the time instant of its occurrence, respectively. The present paper deals
with a level 2 technique, that is, the estimation of the position and level of damage in the case of a
structure with a notch localised in a single section. In this case, differently from the ‘breathing crack’
(opening and closing of a crack in the vibrating process, see for example [45—-47]) that implies a dis-
continuous and therefore nonlinear behaviour, it can be assumed a linear behaviour even for the dam-
aged structure and the classical procedures for frequency identification can be applied.

As aforementioned, it has been chosen to perform the damage detection by using the natural
frequencies of the structure that, as well known, have the advantage of being less affected by noise
and can be more accurately evaluated also with lower experimental effort. Nevertheless, it can be dif-
ficult (or even impossible) to detect localised damage in a complex structure by observing frequency
(or shape) modification of global modes, which are often negligible. This motivated the substructure
approach discussed here that uses only a selected set of higher modes, as the effects of damage are
more relevant on ‘local’ modes of the substructure affected by damage, provided that local excitations
on this part of the structure are applied [41,42].

For identifying position and intensity of damage, the procedure needs a reference finite element
model (FEM), calibrated through a modal updating by means of undamaged experimental frequencies,
and a database of varied FE models, obtained by considering different positions and levels of damage
in a significant range.

The damage can be identified by introducing an error function based on the experimentally evalu-
ated variations of an appropriate number of natural frequencies between damaged and undamaged con-
figurations; the experimental variations are compared with the corresponding numerical ones obtained
through the aforementioned FE models of the undamaged and damaged states.

A similar error procedure, but implemented considering the ‘classical’ global modes, has been in-
vestigated in [41-43] by performing experimental tests on a two- span beam, and in this case, it has
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been shown that the damage is detected with good accuracy; nevertheless, the application of this
procedure on more complex structures was only tested for a simple frame and a systematic approach
to take into account the measurement noise was not investigated. To overcome these limitations, the
approach proposed in the succeeding sections, which adopts a modified error function coherent with
the use of ‘local’ modes of substructures and a procedure for improving the accuracy in the presence
of noise, proves to be effective for frame structures. In detail, the identified solution (position s and
depth p of the notch, modelled as a rotational spring, see Section 2.2) corresponds to the minimum
of the error function:
N 2
G(s,p) = Z ((culD - a)lU) - (wfe(s,p) - w%)) (1)
i=1
where N is the number of natural modes taken into account, ®? and w? denote the measured undam-
aged and damaged i-th natural frequencies, cuffe is the i-th frequency of the undamaged FE model and
w? (s,p) denotes the i-th frequency of the FE model with a damage at position s and level p.
Indeed, the identification of damage on a given substructure (e.g. the multi-span beam of a given
floor of a frame) is mainly influenced by higher frequency ‘true local’ modes (i.e. modes that include
deformations localised in the investigated substructure) more than by ‘global” modes of the structure as
a whole. For this reason, the use of absolute frequency changes, as here introduced as in Eqn 1, pre-
serves the effective weight of the local modes in the error function, while the normalisation used in
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Figure 1. First line: steel frame of Section 3.1: L=5m, H=3 m, columns HE 400B and beams IPE 400. Bottom:
first nine natural modes of the undamaged frame.
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[39,41,42], which divides each term of the error function by the corresponding modal frequency, pe-
nalises the contribution of higher frequency modes, namely, the local modes that are more sensitive
to a damage in the considered substructure.

This identification technique implies a relatively small computational effort for multi-span beams,
but for an increasing structural complexity, the computational burden may be relevant and even prohib-
itive; to this respect, algorithms to generate automatically the FE database should be implemented, as it
will be tried in the future.

The problem of modal density also arises when the structural complexity increases (e.g. passing
from single or multi-span beams to multi-floor and multi-span frames); in this case, structural modes
with close natural frequencies have to be examined to select the only ones that can be really detected
and used for identification purposes, that is, those significantly excited by the local forces applied to a
given substructure.

In the numerical examples discussed in the succeeding sections, the selection of the natural modes
of the FE ‘damaged’ models to be included in the database for minimisation procedure has been per-
formed directly by visually exploring the modal shapes; of course, an algorithm to perform the modes
selection automatically is mandatory to extend the procedure to more complex (and more significant)
structures; for example, systematic approach for the selection of the modes has been proposed in [44],
which makes use of the evaluation of a sensitivity matrix.

With reference to the experimental setup, the substructure approach requires a lower experimental
effort with respect to the installation of sensors on the whole structure, considered that only the modes
excited by local actions on a given substructure have to be identified. In this case, of course, the pro-
cedure of local forcing and data recording must be repeated on the other substructures, one by one,
even if a detailed location of sensors can be extended to the whole structure (that indeed is unusual
for practical or economic reasons). In any case, even if low-cost sensors could be diffusely placed
on the whole structure, the proposed approach requires to apply an impulsive load on a selected part
of the frame (substructure) and then to repeat the procedure for each significant part of the structure.
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Figure 2. Frequency variation of the first 10 natural modes with respect to the undamaged frame of Figure 1 versus
position of damage: (a) notch depth equal to 4 cm and (b) notch depth equal to 8 cm.
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2.2. The model of damage

In the present paper, the damage is modelled as a notch localised in a single section of the structure. In
accordance with Chondros et al. [48] and the papers there quoted, the damage is introduced in the FE
model of the structure through a rotational spring connecting the undamaged parts, with a stiffness &
defined as follows:

EI
k=———s—— 2
6m(1 —v2)hd, o
where E is the elastic modulus, v is the Poisson coefficient and 7 and / are the moment of inertia and the
height of the beam section, respectively; according to Chondros et al. [48], the non-dimensional coef-
ficient @ depends on the ratio o between the notch depth p and the beam thickness A

®; = 0.6272a% — 1.04533a° + 4.59480* — 9.9736° + 20.2948a° — 33.0351a’+

(3)
+47.106308 — 40.75560° + 19.6a!°

This damage model is used in the paper to define a sufficiently wide set of FE models of the struc-
ture, varied with respect to the undamaged one by considering different positions and levels of the
damage in a given range. The eigenvalue analysis of these models allows to build a database collecting
the frequency values of the significant natural modes for each damaged configuration.

It is worth noting that the described procedure can be applied also if a different damage model is
available, for example, based on experimental tests for the material and particular characteristics of
the examined frame.
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Figure 3. Level curves of the error function G/Gmin for the frame in Figure 1; pseudo-experimental data generated
with damage s=1.5m and p=6cm; added ‘noise’ +30% of the difference between damaged and undamaged
frequencies. (a) Plot for all the possible damage position and (b) zoom nearest the minimum point.
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3. NUMERICAL INVESTIGATION ON PLANE FRAMES
3.1. Sample case #1: two-span and two-floor steel planar frame

In this section, the analysis of the steel frame in Figure 1 is described. The FE model of the frame has
been developed assuming 7850kg/m?® for the mass density, 0.3 for the Poisson coefficient and
2% 10°MPa for the elastic modulus. A non-structural mass, deriving from distributed loads on the
beams, is also added to the mass of the structural elements of the frame. In detail, a load of 28 kN/m
has been added to the structure. Moreover, the columns have been assumed fully fixed at the base
and the beam—column connections as rigid, while the damping coefficient is equal to 0.5%.

The analysis has been performed assuming that the damage, represented by a notch in a section
without significant reduction of the beam mass, is localised in only one transversal section of the beam
at the first floor. On the base of this hypothesis, the FE database has been built varying damage position
on the beam at the first floor with a step As =30cm (1/16 span) and ranging the notch depth between 1
and 8 cm (four different levels of damage have been considered), and evaluating the first 10 natural
modes. As a consequence, taking into account the symmetry of the frame, the database consists of
680 elements, corresponding to 68 different damaged configurations of the frame.

In Figure 1, the modal shapes and frequencies of the first nine natural modes of the undamaged
structure are shown. As it can be easily verified, the first and third modes correspond to the ‘global’
modes, while the others are ‘local’ modes.

In Figure 2, the differences between the frequencies of the first 10 natural modes of the damaged
configurations and the undamaged one, normalised with respect to the undamaged frequencies, are
plotted as a function of the position of damage (distance from the left end of the beam) and for different
notch depth levels. The plots in Figure 2 confirms that, for the case here considered, the natural fre-
quencies of higher modes (i.e. ‘local’ modes) are more sensitive to damage than the ‘global’ modes,
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Figure 4. Error function G/Gmin (top) and level curves (bottom) for the frame in Figure 1, pseudo-experimental
data generated with damages s=1.5m and p =3 cm; added ‘noise’ £30% of the difference between damaged and
undamaged frequencies.
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and some of them show a frequency variation three to five times larger than the values related to the
‘global’” modes.

Quite obviously, the frequency variations are strongly influenced by damage position; as a conse-
quence, the accuracy of the damage detection procedure depends on the combination of considered
modes.

For these reasons, and because of the errors and uncertainties connected to modal analysis, the
writers suggest to perform the damage detection considering at least the first five to six identified ‘lo-
cal’ modes, as it has been performed here.

To evaluate the performance of the method, three damaged configurations have been investi-
gated with pseudo-experimental (i.e. numerically generated) data. In detail, with reference to the
frame in Figure 1, three damaged configurations have been considered: (i) a notch with 6-cm
depth at 1.5m from the left end of the first-floor beam; (ii) a notch with 3-cm depth at 1.5m from
the left end of the first-floor beam; and (iii) a notch with 6-cm depth at 2.1 m from the left end of
the first-floor beam.

The acceleration time histories have been numerically generated [41,42] by means of a finite ele-
ments model of the frame (pseudo-experimental data), under an impulsive load at 2/3 of the left span,
with a distance between ‘measurements’ points equal to 1/8 of the span. The simulated data have then
been processed to get significant modal frequencies.

ﬁ
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Figure 5. Level curves of the error function G/Gmin for the frame in Figure 1, pseudo-experimental data generated
with damage s=2.10m and p =6 cm. The analysis has been performed taking into account the 1st, 4th and 8th
modes. (a) Plot for all the possible damage position and (b) zoom nearest the minimum point.
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As usual, in practical cases the experimental undamaged model has to be obtained by model
updating of a tentative FE model, while here the reference numerical model has obviously been
considered.

According to the results shown in Figures 3 and 4, the procedure provides a satisfactory identifica-
tion of damage even for this kind of structures. For the configuration #1 described in Figure 3, it is ob-
served in fact a good accuracy for the location and intensity of damage, even if a ‘noise’ is added to the
modal frequencies of the damaged case to roughly simulate experimental data; namely, an error has
been added to damaged frequencies, ranging between +30% of the difference between damaged and
undamaged values. Quite obviously, for a decreasing severity of damage, the accuracy of the identifi-
cation decreases, as shown in Figure 4 (configuration #2, s=1.5m, p=3cm), where the position of
damage can be only roughly estimated.

In Figures 5 and 6, the results of the damaged configuration #3 are shown. In this case, the analysis
has been performed taking into account two different selection of modes: Figure 5 shows the level
curves of the error function obtained considering only the first, third and sixth identified modes that
correspond to the first, fourth and eighth modes of FE model of the frame, and Figure 6 shows the same
level curves evaluated performing the procedure with reference to the first six identified modes that
correspond to the first, second, fourth, sixth and eighth modes of the FE model. It can be observed that
in this case, the good accuracy of the method is guaranteed also with only three local modes, although
no general conclusion can be derived from this sample case.
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Figure 6. Level curves of the error function G/Gmin for the frame in Figure 1, pseudo-experimental data generated
with damage s=2.10m and p =6 cm. The analysis has been performed taking into account the 1st, 2nd, 4th, 6th
and 8th modes. (a) Plot for all the possible damage position and (b) zoom nearest the minimum point.
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To describe in a more realistic way the unavoidable measurement noise that affects the experimental
data, a set of different realisations of pseudo-experimental frequencies has been considered. Namely,
the noise has been introduced by defining for each sample the pseudo-experimental natural frequencies
as follows:

of = o}, + Ry (4)

where R is the level of noise and y is a random variable, whose values are uniformly distributed be-
tween —1 and 1 with zero mean and independent from each other. In detail, 100 samples of noise sim-
ulations have been considered, which have been analysed by means of two different approaches.

The first approach implements the damage detection method discussed in Section 2.1 to each single
simulation and investigates the influence of noise by evaluating the average mean error (AMEj) and the
average standard deviation (ASDj) of the position and the average mean error (AME,,) and the average
standard deviation (ASD,,) of the level of damage obtained for an increasing number of samples [39].
The investigation has been performed evaluating the effect of three different parameters: the position of
damage, the notch depth and the noise level.

In Figure 7, the AME;, ASD,, AME,, and ASD,, have been plotted for an increasing number of sam-
ples, fixing the notch depth (i.e. p=6 cm and a noise level R equal to 0.2 Hz). Figure 7 shows that vary-
ing the position of damage, the proposed method is able to accurately evaluate the notch depth; in fact,
the average mean error and the average standard deviation of the notch depth are very small, that is, the
notch depth is correctly estimated and there is no dispersion of data.

It must be underlined that also in the worst case (damage localised at a distance of approximately
1/5 of the span length from the beam-to-column joints, which turns out an average mean error higher
than the other examined cases), the average mean error of the notch depth is lower than Ap=2cm,
which has been assumed as the step for discretising the damage steps and can therefore be considered
as a measure of the accepted error.
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Figure 7. Influence of noise on the accuracy of the damage detection procedure varying the damage position and

assuming p =6 cm and R=0.2 Hz: (a) average mean error of the position (AME;), (b) average standard deviation of

the position (ASDy), (c) average mean error of the notch depth (AME,,) and (d) average standard deviation of the
notch depth (ASDy).
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Similarly, also, the notch position is estimated with good accuracy, considered that the database has
been defined discretising the beams with a step As=30cm, that is, 6% of the span length, which rep-
resents therefore the intrinsic-accepted error.

However, the accuracy of the identified position decreases when the damage is localised at a dis-
tance of about 1/5 of the span length from the beam-to-column joints; this circumstance can be justified
observing that the local modes, which have been taken into account for the evaluation of the error func-
tion, show a lower variation of the related frequencies in these cases (Figure 2).

In Figure 8, the aforementioned parameters have been evaluated fixing the damage position (i.e.
s=2.10m) and the level of noise (i.e. R=0.2 Hz) and varying the notch depth. It can be observed that
the average mean error decreases for an increasing damage level, and in all the examined cases, the
notch depth is estimated with very high accuracy.

Similar results have been found also with reference to the estimation of the damage position.

In Figure 9, the same damaged cases are plotted taking into account an increased noise level, that is,
R=0.4Hz; also in this case, the accuracy is good, except for the lower damage level; in this case, in
fact, the natural frequencies show small variations, and the influence of noise is higher.

The aforementioned results have suggested to the writers a possible way to improve the accuracy of
the procedure, by performing the error minimisation not on a single test but on a sort of ‘average’ test.
In detail, the error function has been evaluated by adding the error functions evaluated for each one of
the considered simulated tests, for an increasing number of tests, and applying the error minimisation
procedure to the ‘average’ error function.

In Figure 10, the errors in the estimated damage position and in the notch depth are plotted, respec-
tively, for the same damaged cases as in Figure 7 and for an increasing number of samples. It can be
observed that for all the possible damage positions, the notch depth is exactly estimated, while the
damage position can be exactly or almost exactly evaluated if at least five to six tests are included in
the average. An exception is represented by the damage localised at a distance around 90 cm from
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Figure 8. Influence of noise on the accuracy of the damage detection procedure, varying the damage level and as-

suming s=2.10m and R=0.2 Hz: (a) average mean error of the position (AMEj), (b) average standard deviation of

the position (ASDy), (c) average mean error of the notch depth (AME,,) and (d) average standard deviation of the
notch depth (ASDy).
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Figure 9. Influence of noise on the accuracy of the damage detection procedure varying the damage level and as-

suming s =2.10m and R =0.4 Hz: (a) average mean error of the position (AMEy), (b) average standard deviation of

the position (ASDy), (c) average mean error of the notch depth (AME,) and (d) average standard deviation of the
notch depth (ASDy).
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Figure 10. Influence of noise on the accuracy of the damage detection procedure, applied to the same cases in Fig-
ure 7 (i.e. p=6.cm and R=0.2 Hz, for different damage positions) by means of the ‘average’ error function in-
troduced in Section 3.1: (a) error in the estimated damage position versus the number of considered tests and (b)
error in the estimated damage level versus the number of considered tests.

the beam-to-column joint, and in fact, in this case, the variations of the natural frequencies (Figure 2)
are lower than the other possible locations of damage. However, the result of the procedure can be im-
proved by considering higher order modes, that is, modes that show significant frequencies variations
for damage localised in the aforementioned position.

The analysis has also been performed investigating the damaged cases of Figure 8, that is, evaluat-
ing the influence of different notch depths: it can be observed that reducing the damage level, the
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accuracy of the procedure does not vary if the error function is evaluated taking into account at least
five to six tests (Figure 11).
The same considerations can be done also in the cases of Figure 12, which shows the damage

position and level errors for the same cases of Figure 11 but with a noise level double of that in the
previous case.

3.2. Sample case #2: three-span and three-floor steel planar frame

To test the performance and robustness of the proposed technique in evaluating the position and the
severity of damage, a numerical simulation has been carried out on a more complex planar frame. In
detail, the three-storey and three-bay steel plane frame structure, shown in Figure 13, has been
considered.

As in previous examples, the total mass is the sum of the self-weight and of the non-structural mass,
the latter described in Section 3.1. The frame has been discretised into 240 beam-column elements
around 30-cm long, with 240 nodes.

The main information on the FE model of the frame is shown in Figure 13. As in the previous case
(Section 3.1), the columns are fully fixed at the base, the beam-column connections have been assumed
as rigid and the damping coefficient is equal to 0.5%.
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Figure 11. Influence of noise on the accuracy of the damage detection procedure, applied to the same cases in Fig-

ure 8 (i.e. s=2.10m and R=0.2 Hz, for different damage levels) by means of the ‘average’ error function intro-

duced in Section 3.1: (a) error in the estimated damage position versus the number of considered tests and (b) error
in the estimated damage level versus the number of considered tests.
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Figure 12. Influence of noise on the accuracy of the damage detection procedure, applied to the same cases in Fig-

ure 9 (i.e. s=2.10m and R=0.4 Hz, for different damage levels) by means of the ‘average’ error function intro-

duced in Section 3.1: (a) error in the estimated damage position versus the number of considered tests and (b) error
in the estimated damage level versus the number of considered tests.
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Figure 13. Steel frame of Section 3.2. For each floor, added mass 2850 kg/m. In the finite element model, damping
coefficient 0.5 %.

The first 12 mode shapes and natural frequencies of the frame structure are shown in Figure 14. It
can be observed that the first, second and tenth modes are related to ‘global’ modes, while the others
are ‘local” modes.

As in the previously examined case, damage is defined as a reduction of the transversal section of a
beam with non-significant mass variation.

Seventeen levels of damage have been considered and described in the FE model through rota-
tional spring, whose stiffness has been calculated in accordance with Chondros ef al. [48] (see also
Eqn 2); in Table I, the stiffness of the equivalent rotational spring k is reported for different notch
depths p.

1" mode f=2.19Hz 2" mode £=7.63 Hz 3" mode £=11.78 Hz 4" mode f=12.92Hz

5" mode £=12.95 Hz 6" mode f=13.46Hz 7" mode £=13.79Hz 8" mode f=14.14 Hz

9" mode f=14.49 Hz 10" mode f=14.61 Hz 11" mode f=14.79Hz 12" mode =14.91 Hz

Figure 14. First 12 natural modes of the undamaged frame of Figure 13.
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Table 1. Parameters of the rotational spring equivalent to a notch in an
IPE 400 beam (see frame in Figure 13).

# Spring p(cm) plh K(GNm)
1 10 0.25 20.9
2 9.5 0.24 24.3
3 9 0.23 28.2
4 8.5 0.21 329
5 8 0.20 38.4
6 7.5 0.19 45

7 7 0.18 53

8 6.5 0.16 62.8
9 6 0.15 75.1
10 55 0.14 90.8
11 5 0.13 111.1
12 4.5 0.11 138.4
13 4 0.10 175.9
14 35 0.09 229.9
15 3 0.08 311.7
16 2.5 0.06 445.1
17 2 0.05 686.3
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Figure 15. Normalised error function G/Gmin for the frame in Figure 13, pseudo-experimental data generated with

damage s=2.5m and p=9 cm. The analysis has been performed taking into account the 3rd, 4th, 11th and 13th
modes: (a) level curves for all the possible damage position and (b) zoom nearest the minimum point.
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As an example, a single notch in a beam of the second floor has been considered. Thus, varying the
position of the damage through the nodes of the beams at the second floor, a database of the frequen-
cies of the first 20 natural modes has been built for 17 levels of damage.

According to the procedure described in Section 2.1, the accuracy in the identification of the
position and level of damage depends of course on the discretisation of the beams (nodes distance
As=30cm, that is, 1/16 span) and of the notch (Ap=0.5cm), and As and Ap represent therefore
an intrinsic error, which can be reduced only with a more dense discretisation and an higher calcu-
lation effort.

In the present example, however, an accuracy As=30cm and Ap =0.5cm has been considered as
sufficient; even looking only for a damage at the second floor (that is just one step of the substruc-
ture approach here used) and taking into account the symmetry of the frame, the database includes
in fact 425 damaged structures (25 nodes and 17 level of damage), whose analysis has required a
huge effort.

However, an iterative procedure could be implemented for more complex structures that, after a pre-
liminary identification of damage (position and severity) with a rough discretisation, improves the ac-
curacy by means of a database more and more refined (smaller As and Ap) around the solution found in
the previous steps.

As in Section 3.1, pseudo-experimental time histories (e.g. generated by numerical integration of the
FE model) have been considered for the three-storey and three-bay frame of Figure 13.

For an impulsive force applied at 2/3 of the span of the second-floor beam, on the left side of the
frame (Figure 13), the time histories of accelerations at structural nodes have been generated with a
sampling frequency of 1000 Hz.
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Figure 16. Normalised error function G/Gmin for the frame in Figure 13, pseudo-experimental data generated with
damage s=3.1 m and p=7 cm. The analysis has been performed taking into account the 3rd, 4th, 6th and 9th
modes: (a) 3D view, (b) level curves for all the possible damage position and (c) zoom nearest the minimum point.
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The pseudo-experimental data so obtained have been elaborated, and as in Section 3.1, the first six
identified natural frequencies have been included in the error function of Eqn 1.

Three different damage cases have been examined: (i) a notch localised at 2.5 m from the left end of
the second-floor beam and characterised by a depth equal to 9 cm; (ii) a notch localised at 3.1 m from
the left end of the second-floor beam and characterised by a depth equal to 7 cm; and (iii) a notch local-
ised at about 6.85 m from the left end of the second-floor beam and characterised by a depth equal to
6 cm. Figures 15-17 show the level curves of the error function for the aforementioned cases. The pro-
cedure is able to identify the position and severity of damage with good accuracy in the first examined
configuration (Figure 15), while in the second damaged configuration (Figure 16), the position of dam-
age is identified with an error of about 30 cm and the level of damage is identified with an error of about
1.5cm (3Ap).

The reduced accuracy of this result is mainly due to the selection of the modes used in the damage
detection analysis; in fact, no one of the considered local modes (third, fourth, sixth and ninth modes,
see Figure 14) attains its maximum displacement in the damaged section (i.e. the section at 3.1 m from
the left end of the second-floor beam), and this reduces the sensitivity of modal frequencies to damage.
Analogous considerations could be done for the third damaged configuration (Figure 17), for which
multiple solutions can be found, including the right one.

In the authors’ opinion, in these cases, an improvement in the effectiveness of the procedure could also
be obtained by modifying the error function with the introduction of modal assurance criterion (MAC)
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Figure 17. Normalised error function G/Gmin for the frame in Figure 13, pseudo-experimental data generated with

damage s = 6.85m and p =6 cm. The analysis has been performed taking into account the 3rd, 4th, 9th and 11th
modes: (a) level curves for all the possible damage position and (b) zoom nearest the minimum point.
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Figure 18. The frame in Figure 13, with damage s=2.5 m and p =8 cm. Mean error function G/Gmin for 10 sam-
ple cases of pseudo-experimental data with maximum error on natural frequencies ranging within +0.2 Hz (random
noise). The analysis has been performed taking into account the 3rd, 4th, 5th, 6th, 7th, 8th, 9th, 11th and 12th
modes: (a) 3D view and (b) level curves.

number, and by a careful choice of the modes considered in the error function, which has to be
implemented taking into account the sensitivity of the modes to the damage position; this will be
the objective of a future research.

In the aforementioned cases, the influence of the noise has not been taken into account.

To verify also in this case the effectiveness of the approach, which allows to filter out measurement
noise (assumed as random) by means of data redundancy, two damaged configurations have been ex-
amined: (i) a notch localised at 2.5 m from the left end of the second-floor beam and characterised by a
depth equal to 8 cm and (ii) a notch localised at about 6.85 m from the left end of the second-floor beam
and characterised by a depth equal to 7 cm. For each one of the aforementioned damaged configura-
tions and starting from the pseudo-experimental frequencies of the FE database, 10 different random
sequences of noise, described by an error ranging within +0.2 Hz, have been considered, and the error
function has been evaluated as described for the cases in Figures 10—12. In Figures 18 and 19, the re-
sults of the proposed procedure are shown for an increasing number of samples. Because of the random
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Figure 19. The frame in Figure 13, with damage s = 6.85 m and p =7 cm. Mean error function G/Gmin for 10 sam-
ple cases of pseudo-experimental data with maximum error on natural frequencies ranging within +0.2 Hz (random
noise). The analysis has been performed taking into account the 3rd, 4th, 5th, 6th, 7th, 8th, 9th, 11th and 12th
modes: level-curves.

nature of the error, its effect on the value of the error functions is reduced by the averaging procedure,
and the results of the damage detection are quite accurate.

4. CONCLUDING REMARKS

The paper investigates the possibility of identifying localised damages for linear elastic frames using
only natural frequencies measured in the undamaged and damaged configurations.

It identifies the position and severity of damage by using a database of FE models simulating a wide
range of variation of such parameters and whose effectiveness has been experimentally proven for
multi-span beams [41,42].

In this paper, multi-span and multi-floor framed structures are considered and analysed by means
of a substructure approach; the basic idea is that in this case, the FE database of damaged models,
to be used in the minimization of the error function, must refer to the natural frequencies of the
local modes of substructures, that is, the only modes significantly affected by the localised damage
considered here.

Such a substructure approach, applied in Section 3.1 to a two-span and two-floor frame, shows
[41,42] an accuracy comparable with the case of a multi-span single beam. Numerical investigation
on a three-span and three-floor frame (Section 3.2) also shows an acceptable accuracy.

The effectiveness of the method is evaluated also taking into account the influence of measurement
noise, which has been modelled as a random variable with zero mean, uniformly distributed in a given
range. In the case of significant measurement noise, the damage detection procedure allows an accurate
result only if multiple sets of experimental frequencies (damaged and undamaged) are considered, in
order to filter out such noise through redundant data.

However, as the substructure affected by damage is not known a priori, a drawback of
the procedure is that each substructure has to be controlled through a suitable distribution
of the sensors, which could imply a huge computational burden for an increasing structural
complexity, because of the corresponding growth of the possible damaged configurations. In
this case, the implementation of an automatic algorithm to build the database of damaged—
undamaged frequencies is mandatory, and this will be dealt with in future developments of
this research.

Also, the practical applicability of the substructure approach to multi-storey frames, so far explored
only by means of numerical data (pseudo-experimental), will certainly require an experimental valida-
tion in the future, at least to the laboratory scale.
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